b r i e f c o m m u n i c at i o n s
Regulating a dynamic system using feedback control involves processing measurements of its output in real time to determine appropriate inputs designed to drive its behavior to follow a desired pattern. Because feedback control enables robust regulation in the face of uncertainty and disturbances, it is a recurring theme at every level of organization throughout biology and engineering. Although evolved biological feedback mechanisms found in nature appear robust, engineering feedback control schemes in cells to produce new functions has proven to be a tedious, iterative process [1] [2] [3] [4] [5] [6] that has been achieved with limited success. Here we propose the concept of in silico feedback control as a complement to feedback circuitry built from biological components. In silico feedback uses computational control algorithms running on a digital computer and updated with real-time measurement data. The algorithms prescribe external inputs that achieve and maintain a desired circuit behavior while automatically compensating for circuit variability.
The implementation of in silico feedback requires an external input and biological modules that can respond to that input. Working with S. cerevisiae, we took advantage of a system that has been used to control diverse biological processes [7] [8] [9] , the light-responsive Phy/PIF module 10 (Fig. 1a,b) . Upon ligation to the small-molecule chromophore phycocyanobilin (PCB), the plant photoreceptor chromoprotein PhyB undergoes a light-gated interaction with phytochrome interacting factor (PIF). Two fusion constructs-the photosensory domain of PhyB fused to the Gal4 DNA-binding domain (PhyB-GBD) 1 We show that difficulties in regulating cellular behavior with synthetic biological circuits may be circumvented using in silico feedback control. By tracking a circuit's output in Saccharomyces cerevisiae in real time, we precisely control its behavior using an in silico feedback algorithm to compute regulatory inputs implemented through a genetically encoded light-responsive module. Moving control functions outside the cell should enable more sophisticated manipulation of cellular processes whenever real-time measurements of cellular variables are possible.
and PIF3 fused to the Gal4 activation domain (PIF3-GAD)-allow one to use red (650 nm) and far-red (730 nm) pulses of light to switch on and off, respectively, the transcription of Gal4-responsive genes in S. cerevisiae 10 . In particular, we used cells containing a YFP reporter driven by the Gal1 promoter, which contains Gal4 binding sites.
To probe the dynamic behavior of the system and to devise a computational model for in silico feedback control, we modeled the dynamics of the Phy/PIF/Gal system using a simple fourth-order linear ordinary differential equation. We then performed several timecourse 'identification experiments' to excite the crucial responses of the system and estimate the model's five free parameters (Fig. 1c-h and Supplementary Methods). These experiments involved stimulating cells with different trains of red and far-red light pulses delivered using a custom-built 'light pulser' (Supplementary Fig. 1 ) and then obtaining single-cell fluorescence measurements by flow cytometry. In each experiment, we reproducibly initialized the system at its 'stationary condition' , characterized by constant growth rate and basal fluorescence level, and we computed the fold change as induction of the system above this initial basal fluorescence ( Supplementary Figs. 2  and 3 ). Despite the intrinsic ability of the system to achieve rapid activation and shutoff, the slow maturation dynamics and long half-life of the YFP reporter protein generate a delayed and time-integrated snapshot of the overall system dynamics, making control of the system particularly challenging. The mathematical model with optimized parameters captured the essential features of the data (Fig. 1d,f,h ).
Using the model as a starting point, we investigated strategies to robustly regulate in vivo the average YFP fluorescence of the Phy/PIF/ Gal system to desired levels, or 'set points' , in this case seven-and fourfold above basal levels over a 7-h period (Fig. 2) . First nonfeedback strategies (also known as open-loop control) were investigated. One such strategy is to select a control signal that, according to the model, will achieve the desired objective and then to apply this signal as an input to the process. Following this strategy, we computed trains of light pulses using the data-calibrated model and found that in computer simulations these pulses achieved accurate regulation of YFP (Fig. 2b,c ). Yet in contrast to the simulation results, when these same trains of light pulses were experimentally administered to cells, they failed to regulate YFP intensity to the desired set points. This failure is the result of inaccuracies of the model and inevitable intracellular fluctuations.
An alternative strategy is to exploit the real-time fluorescence measurements to compute the control signal online, as the process evolves. To investigate this in silico closed-loop feedback control strategy (Fig. 2a) , we used YFP signal measurements obtained every 30 min to compute red or far-red pulses to be applied every 15 min. Briefly, we first used a Kalman filter 11 -which uses information from the most recent YFP nature biotechnology VOLUME 29 NUMBER 12 DECEMBER 2011 b r i e f c o m m u n i c at i o n s measurements, the system model and knowledge of the pulse historyto generate an estimate of the unmeasured states of the gene expression model. Based on this estimate, the feedback algorithm then calculates, in real time, the train of light pulses that will minimize the deviation of the model-predicted output from the desired fluorescence set point. Following the principle of model predictive control 12 , only the first pulse of this pulse train is applied to the system, and the process is repeated. This scheme successfully achieved the desired regulation levels as evidenced by the robust seven-and fourfold induction (Fig. 2b,c and Supplementary Fig. 4) . Thus, in contrast to the open-loop strategy, in silico closed-loop feedback robustly achieved and maintained the desired set points despite modeling errors and biological fluctuations.
To further demonstrate the robustness of the in silico feedback design, we perturbed the system with a train of red and far-red pulses over a period of 3 h to drive YFP expression to an unknown initial condition. We then activated the in silico feedback controller with the task of regulating YFP fluorescence to fivefold above basal over a 7-h period; in all cases, regulation was robustly achieved (Fig. 2d and Supplementary  Fig. 4) . Notably, in this case, an open-loop train of light pulses, even one based on a high-fidelity model of the process 13 , could not possibly be used because the initial state of the system was unknown.
Until feedback control of biological systems can be genetically encoded in vivo to behave deterministically and without cross-talk, biology is far from being a predictable engineering medium like electronics. But by interfacing electronic control with biological responses, in silico feedback provides an approach for unprecedented, quantitative control over the activity of living cells. This technology should find wide application in systems and synthetic biology. Probing endogenous biological circuits often yields unpredictable results because of compensatory cellular regulation that alters the expression in dynamic and complex ways. In such scenarios, an in silico feedback module could be used to ensure that protein expression remains tightly regulated at the desired level, independent of other intervening processes. The magnitude of the in silico feedback required to maintain a constant protein level could be used as a surrogate for the endogenous feedback present in the pathway and as a measure of its homeostatic capabilities. The ability to exert precise in silico control of engineered biological circuits based on direct readings of intracellular states will also facilitate the use of synthetic systems for biotechnological applications. For example, in the production of biofuels or small-molecule drugs, an in silico feedback module could be deployed to regulate the levels of toxic by-products that invariably ensue from manipulation of metabolic pathways. Finally, in silico feedback offers exciting therapeutic opportunities. As real-time physiological readouts become available, one can envision the possibility of using real-time closed-loop control to achieve more regulated and precise interventions. 
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